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CLOCK PHASE DETECTION IN THE
FREQUENCY DOMAIN

RELATED APPLICATION

This application claims priority to U.S. Provisional Patent
Application No. 61/856,943, filed Jul. 22, 2013, the disclo-
sure of which is incorporated by reference herein in its
entirety.

BACKGROUND

Wavelength division multiplexed (WDM) optical commu-
nication systems (referred to as “WDM systems™) are sys-
tems in which multiple optical signals, each having a different
wavelength, are combined onto a single optical fiber using an
optical multiplexer circuit (referred to as a “multiplexer”).
Such systems may include a transmitter circuit, such as a
transmitter (Tx) photonic integrate circuit (PIC) having a
transmitter component that includes a laser associated with
each wavelength, a modulator configured to modulate the
output of the laser, and a multiplexer to combine each of the
modulated outputs (e.g., to form a combined output or WDM
signal). Dual-polarization (DP) (also known as polarization
multiplex (PM)) is sometimes used in coherent optical
modems. A Tx PIC may include a polarization beam com-
biner (PBC) to combine two optical signals into a composite
DP signal.

A WDM system may also include a receiver circuit having
a receiver (Rx) PIC. The Rx PIC may include a polarization
beam splitter (PBS) to receive an optical signal (e.g., a WDM
signal), split the received optical signal, and provide two
optical signals (e.g., associated with orthogonal polariza-
tions) associated with the received optical signal. The Rx PIC
may also include an optical demultiplexer circuit (referred to
as a “demultiplexer”) configured to receive the optical signals
provided by the PBS and demultiplex each one of the optical
signals into individual optical signals. Additionally, the
receiver circuit may include receiver components to convert
the individual optical signals into electrical signals, and out-
put the data carried by those electrical signals.

The transmitter (Tx) and receiver (Rx) PICs, in an optical
communication system, may support communications over a
number of wavelength channels. For example, a pair of Tx/Rx
PICs may support ten channels, each spaced by, for example,
200 GHz. The set of channels supported by the Tx and Rx
PICs can be referred to as the channel grid for the PICs.
Channel grids for Tx/Rx PICs may be aligned to standardized
frequencies, such as those published by the Telecommunica-
tion Standardization Sector (ITU-T). The set of channels
supported by the Tx and Rx PICs may be referred to as the
ITU frequency grid for the Tx/Rx PICs.

In a WDM system, the transmitter circuit may modulate a
phase of a signal in order to convey data (via the signal) to the
receiver circuit where the signal may be demodulated such
that the data, included in the signal, may be recovered (e.g.,
based on the modulated phase). A transmitter circuit may
include a digital signal processor (DSP) to apply pulse shap-
ing to the signal to shape the spectrum of the signal (e.g., to
minimize inter-symbol interference (ISI) and adjacent chan-
nel interference (ACI)), via a roll-off factor of Nyquist filter-
ing. The roll-off factor can be selected to provide a trade-off
between spectral efficiency and simplicity in implementation.
For example, the roll-off factor may be proportional to sim-
plicity, but inversely proportional to spectral efficiency (e.g.,
the amount of capacity for a given bandwidth). The roll-off
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factor can generally be selected in the range of approximately
0.3 to approximately 1 for dense WDM systems.

SUMMARY

According to some possible implementations, an optical
system may include an analog-to-digital converter (ADC) to
output samples of a signal; and a digital signal processor
(DSP) to: receive the samples from the ADC, convert the
samples from a time domain to a frequency domain, deter-
mine a clock phase error of the samples while in the frequency
domain, and provide a voltage corresponding to the clock
phase error. The voltage may be provided to reduce timing
errors associated with the samples.

According to some possible implementations, an optical
system may include a DSP to receive samples of a signal from
an ADC, convert the samples from a time domain to a fre-
quency domain, determine a clock phase error of the samples
while in the frequency domain; and provide a voltage corre-
sponding to the clock phase error. The voltage may be pro-
vided to reduce timing errors associated with the samples.

According to some possible implementations, an optical
system may include an ADC to output samples of a signal.
The signal may be associated with a roll-off factor in a range
of approximately 0.001 to approximately 0.3. The optical
system may include a DSP to receive the samples from the
ADC; convert the samples from a time domain to a frequency
domain; identify linear phase response differences between
linear phase responses of frequency bins, associated with the
samples, separated by %2T, where T is a symbol period, asso-
ciated with the signal, and 1/T is a symbol rate or baud rate
associated with the signal, to determine a clock phase error of
the samples while in the frequency domain; and provide a
voltage corresponding to the clock phase error. The voltage
may be provided to reduce timing errors associated with the
samples.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate one or
more implementations described herein and, together with
the description, explain these implementations. In the draw-
ings:

FIG. 1 illustrates an overview of an example implementa-
tion described herein;

FIG. 2 is a diagram of an example network in which sys-
tems and/or methods, described herein, may be implemented;

FIG. 3 is a diagram illustrating example components of an
optical transmitter as shown in FIG. 2;

FIG. 4 illustrates example components of a transmitter
digital signal processor;

FIGS. 5A-5B are diagrams illustrating example compo-
nents of an optical receiver as shown in FIG. 2;

FIG. 6 illustrates example components of a receiver digital
signal processor; and

FIG. 7 illustrates a graph of signal jitter performance of a
phase-locked loop having a time domain phase detector.

DETAILED DESCRIPTION

The following detailed description refers to the accompa-
nying drawings. The same reference numbers in different
drawings may identify the same or similar elements. Also, the
following detailed description does not limit the disclosure.

Systems and/or methods, as described herein, may provide
a clock phase detector that may detect a timing error (e.g., a
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clock phase error) associated with a signal while in the fre-
quency domain. In some implementations, the clock phase
error can be determined when the signal has a roll-off factor
as low as approximately 0.001. For example, the clock phase
error can be determined when the signal has a roll-off factor
in a range of approximately 0.001 to approximately 0.3, or
when the signal has some other roll-off factors. Further, a
voltage, corresponding to the clock phase error, can be pro-
vided to a clock voltage-controlled oscillator (VCO) to cause
the VCO to provide a toggle sequence that may be used to
reduce the clock phase error of the signal in a phase-locked
loop. In some implementations, the jitter performance of the
phase-locked loop may be improved in relation to the jitter
performance of a phase-locked loop that includes a clock
phase detector that detects a timing error in the time domain.
As a result, a roll-off factor as low as approximately 0.001
may be applied to a signal, thereby increasing capacity for a
given bandwidth (e.g., in relation to when the roll-off factor is
greater than 0.001). That is, the roll-off factor may be mini-
mized, thereby minimizing excess bandwidth and increasing
the capacity for a given bandwidth.

FIG. 1 illustrates an overview of an example implementa-
tion as described herein. As shown in FIG. 1, an impulse
response spectrum of a signal can be shaped to form a Nyquist
spectrum having a particular roll-off factor corresponding to
excess bandwidth. For example, a pulse shaping filter may be
used to shape the spectrum of the signal to form the Nyquist
spectrum with the particular roll-off factor. As shown in FIG.
1, the impulse response spectrum may span from a frequency
range of -AT*(1+a) to ¥2T*(1+c), where a is the roll-off
factor, T is a symbol period and 1/T is the symbol rate (also
known as baud rate). The impulse response of the signal may
be sampled across a particular quantity of frequency bins
(e.g., 256 frequency bins or some other quantity of frequency
bins) as illustrated in FIG. 1 in which the sampling frequency
is twice the symbol rate. As further shown in FIG. 1, a phase
response of the pulse shape filter may be a linear phase
response, which can also represent a timing error (e.g., a
constant delay in the signal in the time domain). In some
implementations, a clock phase detector may be used to deter-
mine phase response differences between the phase responses
of frequency bins that are separated by '2T.

For example, the clock phase detector may determine a
difference between the phase response at frequency bin 192
and the phase response at frequency bin 0. Further, the clock
phase detector may determine a difference between the phase
response at frequency bin 193 and the phase response at
frequency bin 1. Further, the clock phase detector may deter-
mine a difference between the phase response at frequency
bin 194 and the phase response at frequency bin 2, and so on.
In some implementations, the phase differences between the
phase responses of frequency bins that are separated by 2T
may be used to identify timing errors (e.g., a clock phase
error) in a signal having a roll-off factor as low as approxi-
mately 0.001. In some implementations, a voltage corre-
sponding to a clock phase error may be provided to a clock
VCO that may generate a clock or toggle sequence that may
beused to correct for the clock phase error when implemented
in a phase-locked loop.

In some implementations, the clock phase error may be
determined for a signal having components associated with
either an X polarization (x-pol) or aY polarization (y-pol). In
some implementations, components, described as having the
X polarization, may have the Y polarization. In some imple-
mentations, components, described as having the Y polariza-
tion, may have the X polarization. In some implementations,
the X polarization may correspond to a transverse magnetic
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(TM) polarization and the Y polarization may correspond to a
transverse electric (TE) polarization. Alternatively, the Y
polarization may correspond to the TM polarization and the X
polarization may correspond to the TE polarization.

FIG. 2 is a diagram of an example network 200 in which
systems and/or methods, described herein, may be imple-
mented. As illustrated in FIG. 2, network 200 may include
transmitter (Tx) module 210 (e.g., a Tx PIC) and/or receiver
(Rx) module 250 (e.g., an Rx PIC). In some implementations,
transmitter module 210 may be optically connected to
receiver module 250 via link 222, and/or optical amplifiers
230. Link 222 may include one or more optical amplifiers 230
that amplify an optical signal as the optical signal is transmit-
ted over link 222.

Transmitter module 210 may include a number of optical
transmitters 212-1 through 212-N (where N=z1), waveguides
213, and/or optical multiplexer 214. Each optical transmitter
212 may receive a data channel (TxChl through TxChN),
modulate the data channel with an optical signal, and transmit
the data channel as an optical signal. In one implementation,
transmitter module 210 may include 5, 10, 20, 50, 100, or
some other number of optical transmitters 212. Each optical
transmitter 212 may be tuned to use an optical carrier of a
designated wavelength. It may be desirable that the grid of
wavelengths emitted by optical transmitters 212 conform to a
known standard, such as a standard published by the Tele-
communication Standardization Sector (ITU-T).

In some implementations, each of optical transmitters 212
may include a laser, a modulator, a semiconductor optical
amplifier (SOA), a digital signal processor (DSP), and/or
some other component. The laser, modulator, and/or SOA
may be coupled with a tuning element (e.g., a heater) that can
be used to tune the wavelength of an optical signal channel
output by the laser, modulator, or SOA.

Waveguides 213 may include an optical link to transmit
modulated outputs (referred to as “signal channels™) of opti-
cal transmitters 212. In some implementations, each optical
transmitter 212 may connect to one waveguide 213 or to
multiple waveguides 213 to transmit signal channels of opti-
cal transmitters 212 to optical multiplexer 214. In some
implementations, waveguides 213 may be made from a bire-
fringent material and/or some other material.

Optical multiplexer 214 may include an arrayed waveguide
grating (AWG) or some other multiplexing device. In some
implementations, optical multiplexer 214 may combine mul-
tiple signal channels, associated with optical transmitters
212, into a wave division multiplexed (WDM) signal, such as
optical signal 225.

As further shown in FIG. 2, receiver module 250 may
include optical demultiplexer 251, waveguides 252, and/or
optical receivers 253-1 through 253-O (where O=1). In some
implementations, optical demultiplexer 251 may include an
AWG or some other demultiplexing device. Optical demulti-
plexer 251 may supply multiple signal channels based on a
received WDM signal (e.g., optical signal 225). As shown in
FIG. 2, optical demultiplexer 251 may supply signal channels
to optical receivers 253 via waveguides 252.

Waveguides 252 may include optical links to transmit out-
puts of optical demultiplexer 251 to optical receivers 253. In
some implementations, each optical receiver 253 may receive
outputs via a single waveguide 252 or via multiple
waveguides 252. In some implementations, waveguides 252
may be birefringent (e.g., based on the width of waveguides
252).

Optical receivers 253 may each operate to convert an input
optical signal to an electrical signal that represents the trans-
mitted data. In some implementations, optical receivers 253
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may each include one or more photodetectors and/or related
devices to receive respective input optical signals outputted
by optical demultiplexer 251 and a local oscillator, convert
the signals to a photocurrent, and provide a voltage output to
function as an electrical signal representation of the original
input signal.

While FIG. 2 shows a particular configuration of compo-
nents in network 200, in practice, network 200 may include
additional components, different components, or differently
arranged components than what are shown in FIG. 2.

FIG. 3 is adiagram illustrating example elements of optical
transmitter 212 as shown in network 200 of FIG. 2. As shown
in FIG. 3, optical transmitter 212 may include TX digital
signal processor (DSP) 305, digital-to-analog converters
(DACs) 310, laser 315, modulator 320, and/or SOA 325. In
some implementations, components of multiple optical trans-
mitters 212 may be implemented on a single integrated cir-
cuit, such as a single PIC, to form a super-channel transmitter.

TX DSP 305 may include a digital signal processor or a
collection of digital signal processors. In some implementa-
tions, TX DSP 305 may receive a data source (e.g., a signal
received via a TX channel), process the signal, and output
digital signals having symbols that represent components of
the signal (e.g., an in-phase x-pol component, a quadrature
(quad)-phase x-pol component, an in-phase y-pol compo-
nent, and a quadrature y-pol component). In some implemen-
tations, TX DSP 305 may digitally modulate the signal by
mapping bits, associated with the signal, to the symbols. In
some implementations, TX DSP 305 may digitally modulate
the signal using a particular modulation format (e.g., a Binary
Phase Shift Keying (BPSK) modulation format, a Quadrature
Phase Shift Keying (QPSK) modulation format, or some
other modulation format). In some implementations, TX DSP
305 may apply spectral shaping and/or perform filtering to the
signal (e.g., Nyquist spectral shaping, roll-off factor applica-
tion, etc.). Additional details regarding the operations of TX
DSP 305 are described with respect to FIG. 4.

DACs 310 may include a signal converting device or a
collection of signal converting devices. In some implementa-
tions DACs 310 may receive respective digital signals from
TX DSP 305, convert the received digital signals to analog
signals, and provide the analog signals to modulators 320.
The analog signals may correspond to electrical signals (e.g.,
voltage) to drive modulators 320.

Laser 315 may include a semiconductor laser, such as a
distributed feedback (DFB) laser, or some other type of laser.
Laser 315 may provide an optical signal to modulator 320. In
some implementations, laser 315 may be an optical source for
a single corresponding optical transmitter 212.

Modulator 320 may include an optical modulator, such as
an electro-absorption modulator (EAM), a pair of nested
Mach-Zehnder modulators (MZMs) for each polarization, or
some other type of modulator. Modulator 320 may control
(modulate) the intensity, amplitude, and/or phase of an opti-
cal signal (e.g., supplied by laser 315) in order to convey data
associated with the data source (e.g., via one or more optical
carriers of the optical signal). For example, modulator 320
may modulate the input optical light (e.g., from laser 315)
based on an input voltage signal associated with the data
source (e.g., an input voltage provided by DACs 310) to form
an output signal. As described below with respect to FIG. 5,
the output signal may be provided to optical receiver 253 such
that optical receiver 253 may compare the intensity, ampli-
tude, and/or phase of the output signal to a reference signal in
order to recover data carried by the output signal.

Modulator 320 may be formed as a waveguide with elec-
trodes for applying an electric field, based on the input voltage
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signal, to the optical signal provided by laser 315. Alterna-
tively, modulator 320 may be implemented based on other
modulation technologies, such as electro-optic modulation.

In some implementations, multiple modulators 320 may be
provided to modulate signals associated with particular com-
ponents. For example, a first modulator 320 may be provided
to modulate an in-phase x-pol component, a second modula-
tor 320 may be provided to modulate a quadrature x-pol
component, a third modulator 320 may be provided to modu-
late an in-phase y-pol component, and a fourth modulator
may be provided to modulate a quadrature y-pol component.

SOA 325 may include an amplifying device or a collection
of amplifying devices. In some implementations, SOA 325
may include an amplifier that may directly amplify an input
optical signal (e.g., a signal supplied by laser 315). In some
implementations, SOA 325 may be replaced by a variable
optical attenuator (VOA), or by an element that combines
both an SOA and a VOA.

While FIG. 3 shows optical transmitter 212 as including a
particular quantity and arrangement of components, in some
implementations, optical transmitter 212 may include addi-
tional components, fewer components, different components,
or differently arranged components.

FIG. 4 is a diagram illustrating example functional com-
ponents of TX DSP 305. The particular functional compo-
nents, which may be included in TX DSP 305, may vary based
on desired performance characteristics and/or computational
complexity.

As shown in FIG. 4, TX DSP 305 may include an input bits
component 410, a bits to symbol component 420, an overlap
and save buffer 430, a fast Fourier transform (FFT) compo-
nent 440, a pulse shaping filter 450, an inverse FFT (IFFT)
component 460, a take last 128 points 470 (assuming a 256-
point FFT is used as an example), and a look-up table com-
ponent 480.

Assuming a sampling frequency of twice the baud rate with
256-point FFT, input bits component 410 may process 64*X
bits at a time of the input data, where X is an integer. For
dual-polarization QPSK, X would be four. Bits to symbol
component 420 may map the bits to symbols on the complex
plane. For example, bits to symbol component 420 may map
four bits to a symbol in the dual-polarization QPSK constel-
lation. Overlap and save buffer 430 may buffer 256 samples.
Overlap and save buffer 430 may receive 64 symbols (128
samples with zero insertion in between symbols) at a time
from bits to symbol component 420. Thus, overlap and save
buffer 430 may combine 64 new symbols (128 samples), from
bits to symbol component 420, with the previous 128 samples
received from bits to symbol component 420.

FFT component 440 may receive 256 samples from over-
lap and save buffer 430, and may convert the samples from the
time domain to the frequency domain using, for example, a
fast Fourier transform (FFT). FFT component 440 may form
256 frequency bins as a result of performing the FFT.

Pulse shape filter 450 may apply a pulse shaping filter to the
256 frequency bins. The purpose of pulse shape filter 450 is to
shape the signal to the desired spectrum so that channels can
be packed together on a super-channel while minimizing ISI
and ACI. Pulse shape filter 450 may also be used to compen-
sate for hardware imperfections of the TX chain or part of
chromatic dispersion (if desired) induced by link 222.

In some implementations, pulse shape filter 450 may
include a raised-cosine filter or some other filter to form the
Nyquist spectrum and to reduce ISI of the signal. In some
implementations, pulse shape filter 450 may apply coeffi-
cients to the 256 frequency bins in order to form a roll-off
factor (e.g., a roll-off factor as low as approximately 0.001).
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Alternatively, the roll-off factor may be over 0.001 as desired.
As described in greater detail below with respect to in FIG. 6,
optical receiver 253 may include a clock phase detector to
identify timing errors associated with a signal filtered with a
roll-off factor as low as approximately 0.001.

IFFT component 460 may receive the 256 frequency bins
and return the signal back to the time domain, which may now
be at the operating speed of DAC 320. In some implementa-
tions, the signal may include pilot tones. IFFT component
460 may convert the signal to the time domain using, for
example, an inverse fast Fourier transform (IFFT). Take last
128 component 470 may select the last 128 samples from
IFFT component 460 (256-point FFT and IFFT are used here
as an example). Look-up table 480 may include a table that
identifies the integers to supply to DAC 320 based on the
samples from take last 128 samples from component 470. In
one example implementation, look-up table 480 may include
electrical field values and associated voltage signals. Look-up
table 480 may use the samples to identify and output the
appropriate integers. In some implementations, DAC 310
may generate voltage signals based on the integers from TX
DSP 305.

While FIG. 4 shows TX DSP 305 as including a particular
quantity and arrangement of functional components, in some
implementations, TX DSP 305 may include additional func-
tional components, fewer functional components, different
functional components, or differently arranged functional
components. For example, TX DSP 305 may include a repli-
cator component to replicate the 256 frequency bins to form
512 frequency bins. This replication may increase the sample
rate.

FIGS. 5A-5B are diagrams illustrating example elements
of optical receiver 253 as shown in network 200 of FIG. 2. As
shown in FIG. 5A, optical receiver 253 may include local
oscillator 510, hybrid mixer 520, detectors 530, analog-to-
digital convert (ADC) 540, clock voltage controlled oscillator
(VCO) 550, and/or RX digital signal processor (DSP) 560. In
some implementations, ADC 540, clock VCO 550, and RX
DSP 560 may form a phase-locked loop to provide an output
signal that may be based on a clock phase error provided by
RX DSP 560 and a toggle sequence, corresponding to the
clock phase error, provided by clock VCO 550.

In some implementations, local oscillator 510, hybrid
mixer 520, and detectors 530 may be implemented on a single
integrated circuit, such as a single PIC. In some implementa-
tions, ADC 540 and RX DSP 560 may be implemented using
an application specific integrated circuit (ASIC).

In some implementations, local oscillator 510 may include
a laser and may provide a reference signal to hybrid mixer
520. In some implementations, a phase, intensity, and/or
amplitude of the reference signal may be compared to a
phase, intensity, and/or amplitude of an input signal to
recover data carried by the input signal.

Hybrid mixer 520 may include one or more optical devices
to receive an input signal (e.g., a WDM signal supplied by
optical demultiplexer 251 and corresponding to an output
signal provided by transmitter module 212). In some imple-
mentations, hybrid mixer 520 may receive a reference signal
from local oscillator 510. In some implementations, hybrid
mixer 520 may supply components associated with the input
signal and the reference optical signal to detectors 530. For
example, hybrid mixer 520 may supply an in-phase x-pol
component, a quadrature x-pol component, an in-phase y-pol
component, and a quadrature y-pol component. In some
implementations, a first hybrid mixer 520 may provide the
in-phase x-pol component and the quadrature x-pol compo-
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nent, and a second hybrid mixer 520 may provide the in-phase
y-pol component and the quadrature y-pol component.

Detectors 530 may include one or more photodetectors,
such as a photodiode, to receive the output optical signal,
from hybrid mixer 520, and convert the output optical signal
to corresponding voltage signals. In some implementation,
optical receiver 253 may include multiple detectors for in-
phase x-pol components, quadrature x-pol components, in-
phase y-pol components, and quadrature y-pol components.
In some implementations, detectors 530 may include one or
more balanced pairs of photodetectors. For example, detec-
tors 530 may include a first pair of photodetectors to receive
an in-phase x-pol component, a second pair of photo detectors
to receive a quadrature x-pol component. Additionally, detec-
tors 530 may include a third pair of photodetectors to receive
an in-phase y-pol component and a fourth pair of photode-
tectors to receive a quadrature y-pol component.

ADC 540 may include an analog-to-digital converter that
converts the voltage signals from detectors 530 to digital
signals. ADC 540 may provide samples of the digital signals
to RX DSP 560. In some implementations, optical receiver
253 may include four ADCs 540 or some other number of
ADCs 540 (e.g., one ADC 540 for each electrical signal
output by detectors 530). In some implementations, ADC 540
may receive a toggle sequence from clock VCO 550. In some
implementations, the toggle sequence may identify time
instances when ADC 540 is to provide the samples of the
digital signals to RX DSP 560. As described in greater detail
below, the toggle sequence may be based on a clock phase
error determined by RX DSP 560.

Clock VCO 550 may include a voltage-controlled crystal
oscillator and/or some other type of oscillation that functions
as a clock generator. In some implementations, clock VCO
550 may receive a voltage, corresponding to a clock phase
error, from RX DSP 560. In some implementations, clock
VCO 550 may provide a toggle sequence to ADC 540, which
may identify time instances when ADC 540 is to provide
samples of digital signals to RX DSP 560. In some imple-
mentations, the toggle sequence may be based on the received
voltage (e.g., the voltage corresponding to a clock phase
error).

RX DSP 560 may include a digital signal processing device
or a collection of digital signal processing devices. In some
implementations, RX DSP 560 may receive samples of digi-
tal signals from ADC 540 and may process the samples to
form output data associated with the input signal received by
hybrid mixer 520 and detectors 530. In some implementa-
tions, RX DSP 560 may include a clock phase detector to
determine a timing error (e.g., a clock phase error) in the
received samples.

In some implementations, RX DSP 560 may provide a
voltage, corresponding to the clock phase error, that may be
used to reduce timing errors associated with the samples. For
example, as shown in FIG. 5A, RX DSP 560 may provide the
voltage to clock VCO 550 to cause clock VCO 550 to generate
a clock, based on the voltage, that identifies time instances
when ADC 540 is to provide samples of digital signals to RX
DSP 560. Additional details regarding RX DSP 560 are
described with respect to FIG. 6.

While FIG. 5A shows optical receiver 253 as including a
particular quantity and arrangement of components, in some
implementations, optical receiver 253 may include additional
components, fewer components, different components, or
differently arranged components.

For example, referring to FIG. 5B, optical receiver 253
may include free-run clock 570 and digital VCO 580. In some
implementations, free-run clock 570 may provide a clock
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signal to ADC 540. In some implementations, RX DSP 560
may provide a voltage, corresponding to a clock phase error,
to digital VCO 580. In some implementations, digital VCO
580 may receive samples from ADC 540, may interpolate the
samples based on the received voltage (e.g., to provide inter-
polated samples associated with the clock phase error corre-
sponding to the voltage), and may provide the interpolated
samples to RX DSP 560.

While FIG. 5B shows optical receiver 253 as including a
particular quantity and arrangement of components, in some
implementations, optical receiver 253 may include additional
components, fewer components, different components, or
differently arranged components.

FIG. 6 illustrates example functional components of a RX
DSP 560. The particular functional components, which may
be included in RX DSP 560, may vary based on desired
performance characteristics and/or computational complex-
ity.

As shown in FIG. 6, RX DSP 560 may include overlap and
save buffer component 610, FFT component 620, filter com-
ponent 630, clock phase detector component 640, and loop
filter 650.

In some implementations, overlap and save buffer 610 may
receive signal samples from ADC 540 and may buffer 256
samples (assuming a 256-point FFT with a sampling fre-
quency of twice the baud rate is used as an example), associ-
ated with the received signal samples. In some implementa-
tions, FFT component 620 may receive the 256 samples from
overlap and save buffer 610, and may convert the samples
from the time domain to the frequency domain using, for
example, an FFT. FFT component 620 may form 256 fre-
quency bins as a result of performing the FFT.

In some implementations, filter 630 may perform filtering
functions to the 256 frequency bins, such as chromatic dis-
persion compensation filtering, and/or some other type of
filtering. In some implementations, filter 630 may provide a
filtered signal. In some implementations, a portion of the
filtered signal may be provided as output data corresponding
to output data shown in FIGS. 5A-5B (e.g., data associated
with an input signal). In some implementations, another por-
tion of the filtered signal may be provided to clock phase
detector 640 such that a clock phase error, associated with the
filtered signal, may be determined and corrected.

In some implementations, clock phase detector 640 may
receive the filtered signal (corresponding to the 256 fre-
quency bins), and may determine linear phase differences
between frequency bins separated by a frequency of 4T. In
some implementations, the linear phase differences may cor-
respond to a clock phase error associated with the filtered
signal. In some implementations, clock phase detector 640
may determine the clock phase error while the filtered signal
is in the frequency domain. In some implementations, clock
phase detector 640 may include a composite phase detector
that can provide a composite clock phase error associated
with x-pol signals and y-pol signals. In some implementa-
tions, clock phase detector 640 may determine the clock
phase error (e.g., by determining the linear phase differences
between frequency bins separated by the frequency Y2T)
using expression 1 shown below:

M

PD= Im

k=—32-+32
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-continued

{( Z X[i]-X*[i+192+k]]-( Z
i=0-63 i=0-63

X[+ 192]-X*[i+k])*}

where X[a] is the frequency response after Filter 630 at bin a.

As an example, assume k=0 and i=0. Given these assump-
tions, expression 1 can be simplified to expression 2 as fol-
lows:

(X[0]- x*[192]) - (X [192]- X*[0])" = @

A[0]- conj(A[192]e 372D . conj(A[192]eF77EDY. A[0] =
A[0]- A*[192]e/7CD) . A*[192]5772D A[0] =
AT[0](A*[192])*e/ T
Thus,
Im{(X[0]- X*[192])- (X [192]- X*[0])"} =

Im{AZ[0](A* 19227} « Kysin(2rt/T)

In expression 2, (X[f]-X*[g]) contains the phase response
difference between bins f and g. That is, (X[0]-X*[192])
contains the phase response differences between bins 0 and
192. Further, A[f] corresponds to the signal spectrum before
timing error is applied. Timing error, T may be added in the
frequency domain as a linear phase, &>*"". In expression 2,
K, is a constant corresponding to a sensitivity of clock phase
detector 640.

As shown expression 2, the timing error (e.g., clock phase
error) may be directly measured based on linear phase differ-
ences associated with frequency bins separated by 14T. Fur-
ther, X[0] and X[192] (corresponding to A[O] and A*[192]
&>72D) may each be squared, thereby forming a 4” power
expression of the clock phase error.

As another example, assume that k=1 and i=0. Given these
assumptions, expression 1 can be simplified to expression 3
below:

(X[OI-X*[193]) (X[192]-X*[1])* 3

Expression 3 may represent the difference in linear phase
responses between bins 0 to 193, separated by 1/(2T)-df
(where df is a frequency resolution associated with an FFT)
and the difference in linear phase responses between bins 192
and 1, separated by 1/(2T)+df. When later simplified, the
frequency resolution terms may cancel out. Thus, expression
3 may simplify to expression 2. That is, expression 2 may
apply for all values of k and i to determine clock phase
difference.

In some implementations, clock phase detector 640 may
provide a voltage corresponding to the clock phase error to
loop filter 650. In some implementations, loop filter 650 may
include a low-pass filter, or a second order loop filter to close
the clock recovery loop. In some implementations, loop filter
650 may provide the voltage to clock VCO 550 or digital
VCO 580.

As described above, clock VCO 550 may receive the volt-
age and may generate a clock or toggle sequence correspond-
ing to the voltage and corresponding to the clock phase error.
In some implementations, clock VCO 550 may provide the
toggle sequence to ADC 540 to cause ADC 540 to provide the
samples to RX DSP 560 at particular time instances (e.g.,
time instances corresponding to timing errors). Alternatively,
digital VCO 580 may receive samples from ADC 540 and
may interpolate the samples based on the received voltage
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(e.g., to provide interpolated samples, associated with the
clock phase error corresponding to the voltage, to RX DSP
560).

In some implementations, the clock phase error may con-
verge towards zero as clock VCO 550 provides toggle
sequences to ADC 540 or as digital VCO 580 interpolates the
samples, and as clock phase detector 640 provides voltages
indicative of the clock phase error. In some implementations,
clock VCO 550 or digital VCO 580 may achieve a lock-point
when variations in the clock phase error, determined by clock
phase detector 640, are within a particular threshold. In some
implementations, the lock-point may correspond to a steady
state of the phase-locked loop including ADC 540, clock
VCO 550 (or digital VCO 580), and RX DSP 560. As a result,
untracked clock jitter of the system may be reduced as the
clock phase error converges towards zero.

While FIG. 6 shows RX DSP 560 as including a particular
quantity and arrangement of functional components, in some
implementations, RX DSP 560 may include additional func-
tional components, fewer functional components, different
functional components, or differently arranged functional
components.

FIG. 7 illustrates a graph of example untracked clock jitter
performance measurements (using a 200 kilohertz (KHz)
loop bandwidth) of a phase-locked loop having a time domain
phase detector. As shown in FIG. 7, the jitter for a signal (e.g.,
a first signal) associated with a phase-locked loop having a
frequency domain phase detector, such as phase detector 640,
may be lower in comparison of the jitter for a signal (e.g., a
second signal) associated with a phase-locked loop having a
time domain phase detector. In some implementations, the
jitter may relate to variations in a lock-point achieved by
clock VCO 550 or digital VCO 580 and may relate to phase
noise of a signal.

While particular jitter performance measurements are
shown in FIG. 7, in practice, the measurements may vary
from what is shown in FIG. 7. For example, in practice, the
jitter of the first signal may be less than what is shown in based
on transmission characteristics of link 222, performance of
filter 630, performance of loop filter 650, and/or based on
some other factor.

As described above, phase differences between the phase
responses of frequency bins that are separated by 2T may be
used to identify timing errors (e.g., a clock phase error) in a
signal having a roll-off factor as low as approximately 0.001.
In some implementations, a voltage corresponding to a clock
phase error may be provided to clock VCO 550 to cause VCO
550 to generate a clock or toggle sequence that may be used
to correct for the clock phase error when implemented in a
phase-locked loop. In some implementations, the jitter, asso-
ciated with variations in a lock-point achieved by clock VCO
550 or digital VCO 580 using a frequency domain phase
detection technique, may be reduced compared to the time
domain phase detection technique for all possible roll-off
factor values.

The foregoing description provides illustration and
description, but is not intended to be exhaustive or to limit the
possible implementations to the precise form disclosed.
Modifications and variations are possible in light of the above
disclosure or may be acquired from practice of the implemen-
tations.

Even though particular combinations of features are
recited in the claims and/or disclosed in the specification,
these combinations are not intended to limit the disclosure of
the possible implementations. In fact, many of these features
may be combined in ways not specifically recited in the
claims and/or disclosed in the specification. Although each
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dependent claim listed below may directly depend on only
one other claim, the disclosure of the possible implementa-
tions includes each dependent claim in combination with
every other claim in the claim set.

No element, act, or instruction used in the present applica-
tion should be construed as critical or essential unless explic-
itly described as such. Also, as used herein, the article “a” is
intended to include one or more items and may be used
interchangeably with “one or more.” Where only one item is
intended, the term “one” or similar language is used. Further,
the phrase “based on” is intended to mean “based, at least in
part, on” unless explicitly stated otherwise.

What is claimed is:

1. A system, comprising:

an analog-to-digital converter (ADC) configured to:

output samples of a signal; and

a digital signal processor (DSP) configured to:

receive the samples from the ADC,

convert the samples from a time domain to a frequency

domain,

determine a clock phase error of the samples while in the

frequency domain, and

provide a voltage corresponding to the clock phase error;

and

a voltage-controlled oscillator, the voltage being provided

to the voltage-controlled oscillator to reduce timing
errors associated with the samples, where when deter-
mining the clock phase error, the DSP is further config-
ured to identify linear phase response differences
between linear phase responses of frequency bins, asso-
ciated with the samples, separated by Y2T, where T is a
symbol period, associated with the signal, and 1/T is a
symbol rate or baud rate associated with the signal.

2. The system in accordance with claim 1,

wherein the voltage-controlled oscillator is configured to:

generate a toggle sequence based on the voltage, and

provide the toggle sequence to the ADC to cause the
ADC to provide the samples at time instances in
accordance with the toggle sequence to reduce the
timing errors associated with the samples.

3. The system in accordance with claim 1,

wherein the voltage-controlled oscillator is a digital volt-

age-controlled oscillator, which is configured to:

receive interpolate the samples, provided by the ADC,
based on the voltage, and

provide the interpolated samples to the DSP,

the samples, received by the DSP, including the interpo-
lated samples.

4. The system in accordance with claim 1, where the signal
is associated with a roll-off factor in a range of approximately
0.001 to approximately 0.3.

5. The system in accordance with claim 1, further compris-
ing:
a local oscillator configured to provide a reference signal;
a hybrid mixer configured to:

receive an input signal,

receive the reference signal, and

provide an output signal having components associated

with the input signal and the reference signal; and
a photodetectors configured to:
receive the output signal, and
provide a voltage signal corresponding to the compo-
nents,
where the ADC is further configured to:

receive the voltage signal and convert the voltage signal

into a digital signal
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where the samples, outputted by the ADC, include
samples of the digital signal.

6. A system, comprising:

an analog-to-digital converter (ADC) configured to:

output samples of a signal; and

a digital signal processor (DSP) configured to:

receive the samples from the ADC,

convert the samples from a time domain to a frequency

domain,

determine a clock phase error of the samples while in the

frequency domain, and

provide a voltage corresponding to the clock phase error;

and

a voltage-controlled oscillator, the voltage being provided

to the voltage-controlled oscillator to reduce timing
errors associated with the samples, where when deter-
mining the clock phase error, the DSP is further config-
ured to determine the clock phase error based on K,
sin(2rtt/T), where K, is a constant corresponding to a
sensitivity value of a clock phase detector, associated
withthe DSP, Tis a timing error, and T is a symbol period
associated with the signal.

7. A system, comprising:

a digital signal processor (DSP) configured to:

receive samples of a signal from an analog-to-digital
converter (ADC),

convert the samples from a time domain to a frequency
domain,

determine a clock phase error of the samples while in the
frequency domain; and

provide a voltage corresponding to the clock phase error;
and

a voltage-controlled oscillator, the voltage being provided

to the voltage-controlled oscillator to reduce timing
errors associated with the samples, where when deter-
mining the clock phase error, the DSP is further config-
ured to identify linear phase response differences
between linear phase responses of frequency bins, asso-
ciated with the samples, separated by %2T, where T is a
symbol period, associated with the signal, and 1/T is a
symbol rate or baud rate associated with the signal.

8. The system in accordance with claim 7, where the volt-
age causes the VCO to generate a toggle sequence based on
the voltage, and provide the toggle sequence to the ADC to
cause the ADC to provide the samples at time instances in
accordance with the toggle sequence to reduce the timing
errors associated with the samples.

9. The system in accordance with claim 7, where the volt-
age causes the digital VCO to interpolate the samples, pro-
vided by the ADC, based on the voltage, and provide the
interpolated samples to the DSP, the samples, received by the
DSP, including the interpolated samples.

10. The system in accordance with claim 7, where the
signal is associated with a roll-off factor in a range of approxi-
mately 0.001 to approximately 0.3.

11. A system, comprising:

a digital signal processor (DSP) configured to:

receive samples of a signal from an analog-to-digital
converter (ADC),
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convert the samples from a time domain to a frequency
domain,

determine a clock phase error of the samples while in the
frequency domain; and

provide a voltage corresponding to the clock phase error;
and

a voltage-controlled oscillator, the voltage being provided

to the voltage-controlled oscillator,

where when determining the clock phase error, the DSP is

further configured to determine the clock phase error
based K ;sin(2nt/T), where K , is a constant correspond-
ing to a sensitivity value of a clock phase detector, asso-
ciated with the DSP, tis a timing error, and T is a symbol
period associated with the signal.

12. A system, comprising:

an analog-to-digital converter (ADC) configured to:

output samples of a signal,
the signal being associated with a roll-off factor in a
range of approximately 0.001 to approximately 0.3;
a digital signal processor (DSP) configured to:
receive the samples from the ADC,

convert the samples from a time domain to a frequency

domain,

identify linear phase response differences between linear

phase responses of frequency bins, associated with the
samples, separated by V2T, where T is a symbol period,
associated with the signal, and 1/T is a symbol rate or
baud rate associated with the signal, to determine a clock
phase error of the samples while in the frequency
domain; and

a voltage-controlled oscillator, the DSP providing a volt-

age corresponding to the clock phase error to the volt-
age-controlled oscillator to reduce timing errors associ-
ated with the samples.

13. The system in accordance with claim 12,

wherein the voltage-controlled oscillator is configured to:

generate a toggle sequence based on the voltage, and

provide the toggle sequence to the ADC to cause the
ADC to provide the samples at time instances in
accordance with the toggle sequence to reduce the
timing errors associated with the samples.

14. The system in accordance with claim 12,

wherein the voltage-controlled oscillator is a digital volt-

age-controlled oscillator configured to:

interpolate the samples, provided by the ADC, based onthe

voltage, and

provide the interpolated samples to the DSP,

the samples, received by the DSP, including the interpo-

lated samples.

15. The system in accordance with claim 12, where when
determining the clock phase error, the DSP is further config-
ured to determine the clock phase error based on the equation
K, sin(2nt/T), where K, is a constant corresponding to a
sensitivity value of a clock phase detector, associated with the
DSP, T is a timing error, and T is a symbol period associated
with the signal.



